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This study examines the role of p21Waf-1, a p53-
dependent protein, in regulating mechanisms that
protect keratinocytes against ultraviolet-B-induced
cellular damage. Keratinocytes from p21Waf-1 or p53-
de®cient mice were irradiated with ultraviolet B, and
examined for DNA repair, cell cycle progression,
and cell death. Both p21Waf-1-de®cient and p53-de®-
cient cells failed to maintain G2 arrest, and p21Waf-1-
de®cient cells, and to a lesser extent p53-de®cient
cells, also failed to undergo G1 arrest. After exposure
to ultraviolet B, p53-de®cient cells were more sus-
ceptible to cell death than wild-type cells. p21Waf-1-
de®cient cells did not undergo apoptotic cell death
more often, however, but did have an increased fre-
quency of nuclear abnormalities, suggesting mitotic
catastrophe. TUNEL assay showed DNA fragment-
ation in the p53 +/+, p21Waf-1 +/+, and p53 ±/±
cells, but not in p21Waf-1 ±/± cells. This result is con-
sistent with the suggestion that p21Waf-1-de®cient
keratinocytes undergo mitotic cell death (catastro-
phe) after exposure to ultraviolet B irradiation in the
system. Western analysis demonstrated that p21Waf-1
expression was upregulated in p53-pro®cient and
-de®cient keratinocytes, supporting the notion that
a p53-independent mechanism contributes to the
response to ultraviolet B in keratinocytes. Finally,
p21Waf-1-de®cient cells had slightly less ef®cient
nucleotide excision repair. In summary, this study
suggests that p21Waf-1 regulates the ultraviolet-B-
induced G2/M checkpoint through p53, and the G1
checkpoint partially through p53. p21Waf-1 does not
signi®cantly regulate DNA repair in ultraviolet-
irradiated keratinocytes, however. Key words: apopto-
sis/G1 arrest/G2 arrest/mitotic catastrophe. J Invest
Dermatol 119:513±521, 2002
O
rganisms are continuously exposed to ultraviolet
(UV) light, which has the potential to cause
signi®cant cellular damage, especially in keratino-
cytes. For example, it is well established that a high
level of UV exposure contributes to skin cancer risk
in humans. p53 transgenic and knockout mice have been studied to
characterize the role of the tumor suppressor protein p53 in the
cellular response to UV. These studies suggest that p53, or a p53-
dependent molecule such as p21Waf-1, protects keratinocytes from
DNA damage. After exposure to UV, basal keratinocytes, including
stem cells, undergo p53-dependent DNA repair and p53-
independent apoptosis, possibly via CD95 (Fas/APO-1) (Aragane
et al, 1998; Tron et al, 1998b). It is not yet known, however, if p53
functions directly or through a mediator during this process.
When cells experience genotoxic stress, they respond by
negatively regulating growth at speci®c points in the cell cycle in
order to maintain genomic stability. These cell cycle ``checkpoints''
play a role in preventing neoplastic transformation. It has been
convincingly demonstrated that the cyclin-dependent kinase (Cdk)
inhibitor p21Waf-1, which is transcriptionally activated by p53, plays
an essential role in initiating G1 arrest in cultured cells exposed to
DNA-damaging agents (Brugarolas et al, 1995; Deng et al, 1995;
Elledge, 1996). p21Waf-1 also functions in a p53-independent
manner in cells exposed to UV but not in cells exposed to ionizing
radiation (Loignon et al, 1997; Haapajarvi et al, 1999). p53-
independent p21Waf-1 expression is also suggested in actinic
keratosis, which is recognized as a precursor stage of UV-induced
squamous cell carcinoma (Rehman et al, 1996).
The UVB regulation of the G2 cell cycle checkpoint is less well
understood than the G1 checkpoint. The proportion of cells that
arrest at G1 or G2/M depends on cell type, growth conditions, and
other factors that regulate checkpoint function (Hartwell and
Kastan, 1994; Niculescu et al, 1998). G2 arrest can be induced by
DNA damage in the absence of p21Waf-1 or p53 (Merritt et al,
1997), but p53 and p21Waf-1 appear to be essential for prolonged
G2/M arrest (Bunz et al, 1998). UVB irradiation in the model
induces G2 arrest in keratinocytes in a p53-dependent and Cdc2
kinase-dependent mechanism (Herzinger et al, 1995; Winters et al,
1998). p38 is also involved in UV-induced G2 delay, which may
inhibit rapid initiation of this checkpoint (Bulavin et al, 2001). It is
now widely accepted that G2 arrest involves both an early G2 and a
late G2 arrest mechanism. Thus, multiple steps independently
control the G2/M checkpoint. This control mechanism may vary
between cell types or even tissues.
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p53 is the most commonly mutated tumor suppressor gene in
human cancers including nonmelanoma skin cancer. p53 ±/± mice
are highly cancer prone and develop a large spectrum of tumors
(Donehower et al, 1992; Jacks et al, 1994). p53 is involved in
apoptosis, which is an important process for eliminating damaged
cells (Giaccia and Kastan, 1998). p21Waf-1 expression is transcrip-
tionally regulated by p53 and upregulated by UV (Goukassian
et al, 1999). The role of p21Waf-1 in apoptosis of UV-exposed
keratinocytes is still unclear, however. Recent studies identi®ed a
distinct feature of cells that undergo mitosis prematurely called
``mitotic catastrophe'' or mitotic cell death (Canman, 2001), which
is distinct from apoptotic cell death. Apoptosis can occur during
any phase of the cell cycle, but mitotic catastrophe occurs only
when normal cell cycle progression is disrupted by premature
mitosis (King and Cidlowski, 1995). Because this occurs without
completion of DNA replication, mitotic catastrophe results.
p53 protein also plays an important role in regulating DNA
repair (Li et al, 1996; Smith et al, 1996; Ford and Hanawalt, 1997;
Tron et al, 1998a; Lozano and Elledge, 2000). p53 plays a role in
nucleotide excision repair (NER), which repairs UV-induced
DNA damage (Eller et al, 1997) and bulky DNA adducts (Smith
et al, 1996; Maeda et al, 1999). p53 directly associates with
transcription factor IIH, an NER component (Wang et al, 1995),
and upregulates genes implicated in DNA repair such as GADD45
and p21Waf-1 (Kastan et al, 1992). GADD45 protein associates with
proliferating cell nuclear protein (PCNA) and p21Waf-1 (Kearsey
et al, 1995), and may play a role in NER (Smith et al, 1994). It is
not yet clearly established, however, whether p21Waf-1 plays a role
in DNA repair: evidence has been reported that p21Waf-1 plays an
essential (Stivala et al, 2001) or marginal (Smith et al, 2000) role in
DNA repair, or that p21Waf-1 is not required (Adimoolam et al,
2001) or even inhibits DNA repair (Shivji et al, 1998; Cooper et al,
1999; Therrien et al, 2001). These results may indicate that the role
of p21Waf-1 in DNA repair is cell type or stressor speci®c.
This study explores the role of p21Waf-1 in cell cycle checkpoints,
cell death, and NER in keratinocytes exposed to UV irradiation in
the model system. Keratinocytes are an important physiologic
model for studying the cellular response to UV. The results
presented here indicate that p21Waf-1 regulates the UV-induced G1
checkpoint, at least in part, in a p53-independent manner, whereas
p21Waf-1 regulates the G2 checkpoint in a p53-dependent manner.
Furthermore, p21Waf-1 plays an important role in UV-induced
apoptotic cell death. Basal expression of p21Waf-1 in keratinocytes is
p53 independent and thus the p53-independent p21Waf-1-regulated
UV response may play a signi®cant role in keratinocytes. Previous
studies suggest that p21Waf-1 plays a marginal role in DNA repair;
instead, p53-dependent NER in UVB-exposed keratinocytes is
likely to be mediated by GADD45 (Maeda et al, in press).
MATERIALS AND METHODS
Cell culture Normal human keratinocytes were purchased from
Clonetics (Charlotte, NC). The cells were plated in 10 cm dishes and
grown in Keratinocytes-SFM (Life Technologies, Burlington, Ontario) at
37°C until 80% con¯uency. Differentiated keratinocytes were obtained
by growing cells to 60% con¯uency and exposing them to 1.0 mM
calcium for 48 h as described previously (Li et al, 1996). mRNA
expression was analyzed in differentiated and undifferentiated cells, and
undifferentiated cells were used for all other experiments.
p21Waf-1 or p53 transgenic mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). Animals were genotyped and hetero-
zygotes were mated to generate +/+ and ±/± litters. Newborn mice
were sacri®ced and tails were genotyped using polymerase chain reaction.
Skin was sterilized with 7.5% povidone-iodine (Betadineâ) and 100%
ethanol, rinsed in phosphate-buffered saline (PBS), removed, and soaked
in 0.2% dispase overnight at 4°C. The epidermal layer was separated
from the dermis, trypsinized for 5 min, neutralized with fetal bovine
serum, and ®ltered, and the cells were collected by centrifugation. The
cell pellet was resuspended with Keratinocytes-SFM, and plated on
collagen-I coated dishes (Biocoat, Becton Dickinson, Franklin Lakes, NJ)
at a concentration of 3±4 3 104 cells per cm2. Lower plating concentra-
tions failed to reach 80% con¯uency. The keratinocytes were incubated
at 37°C until 80% con¯uency and used within 2 wk after plating.
UVB irradiation Human keratinocytes were rinsed twice with PBS
and irradiated using 100, 300, or 600 J per m2 with a bank of four
un®ltered sun lamps (FS20 BP, Daavlin, Bryan, OH). Murine
keratinocytes were irradiated with increasing doses up to 200 J per m2.
UVC irradiation was prevented by exposing cells with the lids of the
culture dishes in place (Werninghaus et al, 1991). The intensity of the
UV light was measured with an IL1700 radiometer with a WN 320 ®lter
and an A123 quartz diffuser (International Light, Newburyport, MA).
Cells were not exposed to wavelengths shorter than 295 nm when the
plastic culture dish lids were in place (Maeda et al, 2001).
Cell cycle analysis To assess progression through the cell cycle and
apoptosis, DNA content was measured by ¯ow cytometry with
propidium iodide staining (Denning et al, 1998). At 8, 24, and 48 h after
irradiation, keratinocytes were trypsinized and combined with ¯oating
cells. Unirradiated control cells were harvested at the same time points.
Cells were neutralized with Dulbecco's modi®ed Eagle's medium
(DMEM) containing 10% fetal bovine serum, centrifuged, and washed
twice in 3 ml PBS with 1% glucose (PBS+). The cell pellet was
suspended in 1 ml ice-cold 70% ethanol with gentle vortexing. Cells
were incubated overnight on a rocker at 4°C, collected by centri-
fugation, suspended in 0.5 ml propidium iodide staining solution (50 mg
per ml propidium iodide, 100 U per ml RNase in PBS+), and incubated
at room temperature for 1 h. Staining was quantitated with a FACScan
(Becton Dickinson, San Jose, CA). The cells were acquired by
CELLQuest program and were analyzed using Modi®t LT2.0. The sub-
G0G1 population was excluded for cell cycle analysis; all cells including
¯oating cells were analyzed for apoptosis. Each experiment was repeated
three to four times.
Mitotic index The mitotic index was identi®ed by counting 400 cells.
The keratinocytes were irradiated at 0, 50, 100, or 150 J per m2, treated
with nocodazole (10 mM), ®xed at various time points, and stained with
4,6-diamidino-2-phenylindole (DAPI). Mitotic features were observed
under the ¯uorescence microscope using a DAPI ®lter (ex = 330±
380 nm). This experiment was repeated three times.
DNA fragmentation To examine the role of p21Waf-1 in apoptosis,
p21Waf-1 +/+ or ±/± keratinocytes were dosed at 0, 50, 100, or 150 J
per m2 5±7 d after plating onto a cover glass, and ®xed 48 h after UV
exposure. Apoptosis was detected by FragEL DNA fragmentation
detection kit (Oncogene, Boston, MA) following the manufacturer's
protocol. Fluorescein-isothiocyanate-labeled dNTP was incorporated by
terminal deoxynucleotidyl transferase, and nuclear DAPI counterstain was
performed. The result was visualized and assessed by confocal
microscopy.
RNase protection assay Cells were harvested and total RNA was
prepared using an RNeasy kit (Qiagen, Mississauga, Ontario) according
to the manufacturer's protocol. Gene-speci®c DNA templates for p53,
p21Waf-1, and L32 were purchased from BD PharMingen (Mississauga,
ON). The RNase protection assay was performed according to the
manufacturer's instruction. Probes were puri®ed, analyzed by electro-
phoresis on a denaturing polyacrylamide gel, and quanti®ed by
autoradiography. Images were captured using a phosphorimager (Fujix
Bioimaging System, BAS-1000, FUJIFILM, Japan) and analyzed using
Image Gauge version 3.0.
Western blot Irradiated human or mouse keratinocytes were harvested
at 8, 24, and 48 h after irradiation, and unirradiated cells were harvested
as a control. Cells were rinsed twice with PBS and harvested by scraping
into ice-cold lysis buffer (375 mM NaCl, 2.5% sodium deoxycholate, 1%
Triton X-100, 25 mM MgCl2, 250 mM Tris±HCl; pH 7.5) containing
1 mM phenylmethylsulfonyl ¯uoride and 0.1 mg per ml aprotinin (Yaar
et al, 1994). Cell lysates were sonicated and microcentrifuged at
10,000 rpm for 10 min at 4°C, and the supernatant was collected.
Protein concentrations were determined by Lowry assay. The protein
was analyzed by electrophoresis on 15% sodium dodecyl sulfate
polyacrylamide gels and transferred to nitrocellulose membrane in
20 mM Tris, 154 mM glycine, and 20% methanol at 4°C. Membranes
were blocked with 5% nonfat milk in 0.1% Tween±PBS and incubated
for 1±2 h at room temperature or overnight at 4°C with mouse
monoclonal anti-p21 antibody (SXM, BD PharMingen) or mouse
monoclonal antihuman p53 antibody (Do-1, BD PharMingen).
Membranes were washed three to four times for 10±20 min and
incubated for 1 h at room temperature with horseradish-peroxidase-
conjugated secondary antibody in 0.1% Tween±PBS. Membranes were
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washed, and bound antibody was detected using ECL plus (Amersham,
Baie d'UrfeÁ, QueÁbec), according to the manufacturer's protocol, and
visualized by exposing the membrane to X-ray ®lm (Fuji, Japan).
DNA repair slot-blot assay Cells were harvested 0, 8, 24, 48, and 72 h
after UV irradiation. Genomic DNA was isolated using a DNeasy kit
(Qiagen) according to the manufacturer's protocol. Unirradiated control
DNA was also harvested. DNA (50 or 100 ng in 0.5 M NaOH, 10 mM
ethylenediamine tetraacetic acid) was denatured by boiling for 10 min,
and neutralized by ice-cold ammonium acetate at a ®nal concentration of
0.5 M. DNA was spotted onto a prewetted nitrocellulose membrane with
a slot-blot apparatus (Bio-Dot SF, Bio-Rad). The ®lter was baked at 80°C
for 2 h. Filters were probed with a monoclonal antibody MC-062 (clone
KTM53, Kamiya Biomedical, Seattle, WA) that recognizes thymine
dimers. Antibody was detected with ECL plus (Amersham) and quanti®ed
by autoradiography. The membrane was reprobed with mouse genomic
DNA to quantify the amount of sample DNA loaded on the membrane.
Autoradiographs were quanti®ed by densitometry. Intensity values were
adjusted for the amount of DNA per slot, and the rate of DNA repair was
calculated (Eller et al, 1997).
RESULTS
P21Waf-1 ±/± and to a lesser degree p53 ±/± cells fail to
undergo UV-induced G1 arrest The role of p21Waf-1 and p53
in UV-induced cell cycle arrest was examined using ¯ow cytometry
and propidium iodide stained cells. p53 +/+ keratinocytes and
p21Waf-1 +/+ keratinocytes underwent G1 and G2 arrest after UV
exposure in the system, as previously described. In contrast, 8 h
after UV irradiation, an increased number of p53 ±/± cells were in
S phase, suggesting that more cells exit G1 and that p53 regulates
the G1 checkpoint (Fig 1). An even higher proportion of p21Waf-1
±/± cells were in S phase and fewer cells were in G1. By 24 h after
UV treatment, there was a marked shift of cells from G1 into S and
Figure 1. p53 ±/± cells fail to arrest at G1 and do not maintain late G2 arrest. p53-de®cient and wild-type cells were analyzed by ¯ow
cytometry. Cells were irradiated with 50 J per m2 UVB; control cells were not irradiated. Samples were analyzed 8, 24, 48, and 72 h after UV
treatment. Values shown are representative from ®ve repetitions of the experiment. The numbers in the ®gure refer to percentage of the total cell
number. From the left, the number indicates the population of sub-G0G1, G1, and G2/M, respectively.
Figure 2. p21 ±/± cells fail to arrest at G1 and do not maintain late G2 arrest. p21-de®cient and wild-type cells were analyzed by ¯ow
cytometry. Cells were irradiated with 50 J per m2 UVB; control cells were not irradiated. Samples were analyzed 8, 24, 48, and 72 h after UV
treatment. Values shown are representative from six repetitions of the experiment.
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G2 in p21Waf-1 ±/± cells (Fig 2). The buildup in S phase is
correlated with a temporary G2 arrest (see below).
P21Waf-1 ±/± and p53 ±/± keratinocytes do not maintain G2
arrest The G2/M checkpoint regulates entry into mitosis.
p21Waf-1 and p53 have been implicated in this checkpoint in cells
with DNA damage. Twenty-four hours after UV irradiation, the
fraction of cells in G2 was higher in p53 ±/± cells than in
unirradiated p53 ±/± cells or in wild-type irradiated cells; however,
48 h after exposure to UV, the fraction of G2 cells was lower in
p53-de®cient keratinocytes. A similar drop is not observed in wild-
type cells, which maintain the G2 checkpoint, causing an increase
in the fraction of G2 cells until 72 h after exposure to UVB (Fig 1).
For p21Waf-1 ±/± cells, the cell cycle distribution was near normal
24 h after exposure to UVB, but at later time points (48 and 72 h
post UV treatment), the fraction of p21Waf-1 ±/± cells at the G2/M
checkpoint was lower than in p21Waf-1 +/+ cells (Fig 2). These
results suggest that the G2 checkpoint is not maintained in a stable
manner in p21-de®cient or p53-de®cient cells.
The stability of G2 arrest in p53 ±/± and p21Waf-1 ±/± cells was
investigated by measuring the mitotic index in cells exposed to
UVB. Unirradiated p53 ±/± keratinocytes had a high mitotic index
(Fig 3a), and this is consistent with the fact that these cells grow
rapidly (data not shown). Mitotic indices of wild-type, p53 ±/± and
p21Waf-1 ±/± cells decreased 24 and 48 h after UVB exposure. By
48 h, the mitotic index of p53 and p21Waf-1 ±/± cells stopped
decreasing, whereas the mitotic index of wild-type cells continued
to fall (Fig 3a, b). This is consistent with a release of the G2/M
checkpoint in the p21- and p53-de®cient cells. This experiment
was repeated three times, and 400 cells were counted during each
experiment.
P21Waf-1 ±/± cells undergo cell death without detectable
DNA fragmentation p21Waf-1 ±/± keratinocytes demonstrated
marked cell cycle dysregulation, but the number of dead cells (sub-
G0G1 peak) was similar to wild-type cells. UV-irradiated p21Waf-1
±/± cells also had an abnormal nuclear morphology, which
suggests that they may be undergoing mitotic catastrophe.
Mitotic catastrophe is a form of cell death related to cell cycle
dysregulation, which is unlike apoptosis in that there is little DNA
degradation. Apoptotic cell death is characterized by DNA
degradation, and this feature is detected by DNA laddering and
TdT-mediated dUTP nick end labeling (TUNEL) staining (Chan
et al, 1999). DNA fragmentation was analyzed in UV-irradiated
p21Waf-1 ±/± cells using the FragEL DNA fragmentation detection
kit. Using this method, incorporated dNTP is green and DAPI
nuclear counterstain is red; when the stains colocalize the region is
yellow, and increased yellow staining indicates higher DNA
fragmentation. There is auto-¯uorescence in keratinocytes.
Yellow p21Waf-1 +/+ cells were abundant but few yellow
p21Waf-1 ±/± cells were observed 48 h after UVB irradiation
(Fig 4). Nevertheless, there was a similar fraction of dead cells in
both cell types; the sub-G0G1 population was similar in size, but
there were approximately 4.5-fold more TUNEL-positive cells in
the p21Waf-1 +/+ cells than in the p21Waf-1 ±/± cells (Fig 5a).
Furthermore, p21Waf-1 ±/± cells often demonstrated an abnormal
mitotic morphology (Fig 4, 50 J per m2). This experiment was
repeated three times, and 50±100 cells were counted each time,
showing a similar result.
P53 ±/± cells undergo apoptotic cell death Previous studies
showed that basal keratinocytes do not undergo p53-mediated cell
death after exposure to UVB (Tron et al, 1998b). This ®nding was
con®rmed here, and it was observed that UV-irradiated p53-
de®cient cells undergo more frequent cell death than wild-type
cells. In contrast to p21Waf-1 keratinocytes, TUNEL assays with
p53-de®cient keratinocytes showed that many p53 ±/± cells are
yellow (Fig 5b). These results suggest that p53-de®cient keratino-
cytes tend to die by an apoptotic pathway, and that UV-irradiated
keratinocytes undergo p53-independent cell death. This
experiment was repeated three times, and 50±100 cells were
counted each time, showing a similar result.
Basal expression of p21Waf-1 is p53 independent but stable
upregulation is p53 dependent p21Waf-1 is transcriptionally
regulated by p53-dependent and p53-independent mechanisms.
p21Waf-1 expression was assessed in UV-irradiated p53 +/+ or ±/±
keratinocytes, to determine the role of p53 in this process. Basal
expression of p21Waf-1 was similar in p53 +/+ and ±/± cells (Fig 6,
no UV). In p53 ±/± cells, p21Waf-1 was upregulated 8 h after low
(25 J per m2) or intermediate (50 J per m2) doses of UV; however,
this was a transient increase in p21Waf-1 expression, which persisted
less than 24 h and was followed by a decrease in p21Waf-1
Figure 3. Initiation of G2 arrest is p53 independent but G2
sustain is p53 dependent. (a) The mitotic index was determined in
p53 +/+ and ±/± cells after exposure to UVB. The cells were irradiated
with 50 J per m2 and treated with nocodazol, ®xed, and stained with
DAPI. Unirradiated p53 ±/± keratinocytes had a high mitotic index.
Mitotic indices decreased 24 and 48 h after UVB exposure. The mitotic
index of p53 ±/± cells reached a stable level 48 h after UV exposure; the
mitotic index of wild-type cells decreased further at this time point. (b)
p21 ±/± cells cannot sustain G2 arrest. The mitotic index was
determined in p21 +/+ and ±/± cells. Mitotic indices decreased 24 and
48 h after UV exposure. The mitotic index of p21 ±/± cells reached a
stable level when the mitotic index of wild-type cells decreased 48 h
after UV exposure.
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expression. In addition, when irradiated with high dose UV,
p21Waf-1 protein was downregulated (Fig 6a, lower panel). In
contrast, in p53 +/+ cells, maximum induction of p21Waf-1 protein
was observed 24 h after exposure to an intermediate UV dose, and
low dose UV did not upregulate p21Waf-1. There was no
downregulation 48 h after low or intermediate UV doses in these
cells. When exposed to high dose UV, however, p21Waf-1 protein
was transiently upregulated 8 h after UV exposure, and was also
downregulated at later time points (24 or 48 h; Fig 6a, upper panel).
For direct comparison of p53 +/+ and ±/± cells, the same amount
of protein was loaded on each gel, and a simultaneous exposure was
performed. This experiment was repeated twice and a similar result
was obtained. The densitometry reading is shown in Fig 6(b).
Human keratinocytes downregulate p21Waf-1 after high dose
UV and induce p21Waf-1 maximally 24 h after intermediate
dose UV In human keratinocytes, p21Waf-1 was maximally
upregulated 24 h after intermediate dose UV (300 J per m2) and
was markedly downregulated by high dose UV irradiation in the
system (600 J per m2) (Fig 7). This is consistent with results
observed in mouse keratinocytes. p21Waf-1 was slightly upregulated
for approximately 48 h in cells exposed to low dose radiation.
UV irradiation upregulates p21Waf-1 mRNA in a biphasic
pattern p21Waf-1 expression varies with differentiation status in
keratinocytes (Tron et al, 1996; Topley et al, 1999). Differentiated
human keratinocytes (Fig 8, Ca+) express a higher level of
p21Waf-1 mRNA than undifferentiated keratinocytes (Fig 8, Ca±).
When irradiated with low dose UV, p21Waf-1 mRNA was
upregulated after 4 h, but this upregulation declined after 8 h.
Upregulation of p21Waf-1 mRNA was also observed 24 h after UV
exposure, however (Fig 8, 100 J per m2). Interestingly, with 100 J
per m2 UV, p53 protein expression did not increase (Fig 7). With
intermediate or high dose UV irradiation, p21Waf-1 expression
increased after 24 h (Fig 8, 300 J per m2, 600 J per m2), but not at
earlier time points. mRNA level correlated well with p21Waf-1
protein level: when irradiated with high dose UV, p21 mRNA was
downregulated 4 and 8 h after UV irradiation (Fig 8, 600 J per m2).
P21Waf-1 has marginal effects on NER The rate of NER was
compared in p21Waf-1 +/+ and ±/± keratinocytes by a slot-Western
method using thymine dimer antibody. At intermediate dose UV
(50 J per m2), the rate of repair was slightly delayed in p21Waf-1 ±/±
cells (Fig 9). When irradiated with a higher dose (100 J per m2),
p21Waf-1 ±/± cells had a lower rate of repair than p21Waf-1 +/+ cells
(Fig 9).
DISCUSSION
Keratinocytes are a diverse population of epidermal cells that differ
in proliferative capacity and state of differentiation. Basal
keratinocytes, located on the basement membrane, include stem
cells and transit amplifying cells. Keratinocytes above this basal layer
undergo differentiation into cell types with unique morphology
and biochemical properties. Basal keratinocytes are believed to be
the cell type in which nonmelanoma skin cancer originates. Many
studies have been carried out on the mechanisms that protect basal
keratinocytes from UV damage. A signi®cant amount of evidence
suggests that p53 plays a major role in this process, but the exact
mechanism of its action is unclear. This study uses a p21Waf-1
knockout mouse model to provide evidence that p21Waf-1, a
downstream target of p53, mediates some of the effects of p53 that
protect keratinocytes against UV damage.
p21Waf-1 is one of the best characterized downstream targets of
p53, and the growth suppressing function of this cyclin-dependent
kinase inhibitor is well established. A number of studies have
examined the role of p21Waf-1 in the skin. p21Waf-1 is induced by
UV in human skin (Ponten et al, 1995). Experiments with
p21Waf-1-de®cient mice showed that p21Waf-1 suppresses chemic-
ally induced skin carcinogenesis acting as a tumor suppressor, and
overlapping in function with p53 (Topley et al, 1999). Recent
studies show that mice with a homozygous disruption of p21Waf-1
develop a variety of tumors including a small number of skin
tumors (Martin-Caballero et al, 2001). In addition, p21Waf-1 is
over-expressed in human squamous cell carcinoma, and this over-
expression appears to be related to differentiation (Tron et al, 1996).
It has been suggested that p53 regulation of p21Waf-1 varies between
regions in the epidermis (Wu et al, 2000).
UV radiation induces cell cycle arrest at a number of well-
studied checkpoints in the cell cycle. Checkpoint mechanisms in
the skin are not well understood, however. The results shown here
indicate that p53 or p21Waf-1 de®ciency does not alter the cell cycle
pro®le, as represented in the raw ¯ow diagrams, in keratinocytes in
the absence of UV exposure, even though p21Waf-1 ±/± cells show
fewer numbers in the G1 calculation. UV-irradiated p53 ±/± and
Figure 4. p21 ±/± keratinocytes lack TUNEL positivity after UV exposure. DNA fragmentation assay (TUNEL staining) was performed with
p21 +/+ and ±/± cells. Incorporated dNTP is green and DAPI nuclear counterstain is red; colocalized staining is yellow. Yellow p21 +/+ cells are
observed 48 h after UVB irradiation, but few yellow p21 ±/± cells are observed after treatment with 150 J per m2 UVB. Many p21 ±/± cells had an
abnormal mitotic morphology (arrowhead). This experiment was repeated three times.
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p21Waf-1 ±/± keratinocytes, however, had markedly different cell
cycle pro®les compared to wild-type cells, indicating that both p53
and p21Waf-1 play a role in cell cycle control mainly in damaged
cells. Our results suggest that the G1 checkpoint is primarily under
the control of p21Waf-1 in keratinocytes, mainly in a p53-
independent manner, although a similar but less striking change
in cell cycle control was noted in UV-irradiated p53-de®cient cells.
p21Waf-1 protein level increases within 8 h after UV exposure even
in p53-de®cient cells; this result is consistent with the idea that p21
regulates the G1 checkpoint in a p53-independent manner.
Nevertheless, it is likely that the G1 checkpoint is regulated by
p21Waf-1 in both a p53-dependent and a p53-independent manner:
prolonged p21Waf-1 induction was observed only in the presence of
p53.
p21Waf-1 may also regulate the G2/M checkpoint in coordin-
ation with other proteins. Although the mechanisms involved in
initiation of early G2 arrest by p21Waf-1 are not well de®ned, late
G2 arrest and maintenance of the G2/M checkpoint involves
GADD45 and 14-3-3 proteins (Wang et al, 1999; Bulavin et al,
2001). In cells exposed to ionizing radiation, early G2 arrest is
mediated by cell cycle proteins ATM and/or ATR, which activate
Chk1 and Chk2 leading to phosphorylation of Cdc25C at Ser216
(Peng et al, 1997; Sanchez et al, 1997; Pines, 1999; Nilsson and
Hoffmann, 2000). This checkpoint is p53 independent. Cdc25C
may also be involved in checkpoint regulation in UV-irradiated
cells, but ATM may not participate in this signaling pathway
(Gabrielli et al, 1997; Pines, 1999; Nilsson and Hoffmann, 2000).
These experiments show that p53 ±/± and p21Waf-1 ±/±
keratinocytes undergo G2 arrest 24 h after UV exposure, suggesting
that early G2 arrest is p53 independent. In contrast, late G2 arrest is
clearly de®cient in p53 ±/± and p21Waf-1 ±/± cells. p53 +/+ or
p21Waf-1 +/+ cells accumulated at G2/M 72 h after UV irradiation
in the system, but p53 ±/± or p21Waf-1 ±/± cells escaped from the
G2/M arrest. This observation was con®rmed by the mitotic
indices of these cells. p53- or p21Waf-1-de®cient cells had higher
mitotic indices 48 h after UV irradiation than wild-type cells. A
previous study showed that p53 and p21Waf-1 are essential for
maintaining the G2 checkpoint in human cells (Bunz et al, 1998).
Furthermore, the G2/M checkpoint was disrupted to a similar
extent in p53 ±/± and p21Waf-1 ±/± keratinocytes; in contrast,
disruption of the G1 checkpoint was more severe in p21Waf-1 ±/±
cells than in p53 ±/± cells. This result suggests that G2/M arrest is
maintained by p53 through p21Waf-1, which is also indirectly
supported by the result that p21Waf-1 protein decreased 48 h post
UV treatment in p53 ±/± cells (Fig 6). The initiation of G2 arrest
in p21Waf-1-de®cient cells was studied previously (Brugarolas et al,
1995; Deng et al, 1995; Brown et al, 1997).
Apoptosis is an important mechanism that contributes to
maintaining the genomic integrity of an organism. p53 and
p21Waf-1 also contribute to genomic stability, but they do not
appear to regulate cell death in keratinocytes. UV-irradiated p21
±/± cells contain abundant cells with abnormally shaped, multi-
lobulated nuclei (see Fig 4), however, and experience disruption of
the cell cycle, as discussed above. One possible explanation for
these observations is that p21Waf-1-de®cient cells enter mitosis
prematurely, replicate their genomes in the presence of DNA
damage, and then experience mitotic catastrophe. This idea was
con®rmed using TUNEL staining to assess the extent of apoptotic
cell death compared to the total rate of cell death. p21Waf-1 +/+
cells underwent apoptosis and frequent DNA fragmentation 48 h
after UV irradiation, but p21Waf-1 ±/± cells experienced little DNA
fragmentation even after exposure to 150 J per m2. The lack of
fragmentation in p21Waf-1 ±/± cells combined with a lack of late G2
arrest is evidence for mitotic catastrophe instead of apoptotic cell
death, as demonstrated previously (Brown et al, 1997). Previous
studies also showed that p53 does not regulate apoptosis in
undifferentiated keratinocytes (Li et al, 1996; Tron et al, 1998b), as
con®rmed here by ¯ow cytometry of p53 ±/± cells. In summary,
these results suggest that p21Waf-1 is important for harmonized
cytokinesis and mitotic control in keratinocytes exposed to UV.
It is well recognized that p53 and GADD45 play a major role in
NER (Li et al, 1996; Smith et al, 1996), but the role of p21Waf-1
protein in NER remains unclear. This study and other studies
(Smith et al, 2000) suggest that p21Waf-1 has a marginal effect on
NER. p21Waf-1 protein impairs DNA synthesis by binding to
PCNA, the cofactor of DNA polymerases d and e. As PCNA is
required for NER and other DNA repair pathways (Nichols and
Sancar, 1992; Shivji et al, 1992; Wood and Shivji, 1997), p21Waf-1
may inhibit NER by inhibiting PCNA. The cancer cell line
HCT116, which carries a deletion in p21Waf-1, is more sensitive to
UV and has a reduced ef®ciency of NER (McDonald et al, 1996).
Cooper et al (1999) reported that the C-terminal domain of
p21Waf-1 binds PCNA and inhibits NER. Shivji et al (1998)
reported that the PCNA±p21Waf-1 complex is an ef®cient inhibitor
of NER-catalyzed DNA synthesis, but this effect is relieved when
p21Waf-1 is preincubated with damaged DNA before PCNA is
added. These observations suggest that upregulation of p21Waf-1
and PCNA are crucial for ef®cient NER. Previous studies
demonstrated that low dose UVB increases expression of PCNA,
whereas intermediate or high dose UV downregulates PCNA
(Maeda et al, 2001). This may explain the observation that p21Waf-1
Figure 5. p21 ±/± keratinocytes do not undergo apoptosis. The
ratio of TUNEL-positive cells is shown. (a) Approximately 100±200
cells were analyzed by TUNEL assay. The number of TUNEL-positive
cells increases in UV-treated wild-type but not in UV-treated p21 ±/±
cells. (b) p53 ±/± keratinocytes undergo apoptotic cell death. The
TUNEL assay was performed with p53 +/+ and ±/± cells, and the ratio
of positive cells was determined. The number of TUNEL-positive cells
increased slightly more in p53 ±/± cells than in p53 +/+ cells.
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±/± cells did not perform NER ef®ciently after irradiation with
high dose UVB. This study shows that p21Waf-1 protein is
downregulated by high dose UV. This fact, together with PCNA
regulation, may explain why NER is enhanced in keratinocytes
only by low dose UV (Maeda et al, 2001). It is possible that p21Waf-
1 plays a role in the mechanism for regulating this process.
In summary, this study demonstrates that p21Waf-1 regulates both
the G1 and G2/M checkpoints in keratinocytes. The G1 check-
point appears to be both p53 dependent and p53 independent, but
late G2/M arrest is p53 dependent. We also note that initiation of
G2/M arrest is p53 and p21Waf-1 independent. Cell cycle regulatory
Figure 6. Constitutive expression level of p21 protein is the same in p53 +/+ or p53 ±/± keratinocytes, but stable p21 upregulation is
observed only in p53 +/+ cells. p53-de®cient and wild-type cells were treated with 25, 50, or 100 J per m2 UVB. Cell aliquots were removed from
UV-treated or control unirradiated cells 8, 24, or 48 h after UV exposure. Protein extracts were prepared and an equal amount of protein was loaded
on a sodium dodecyl sulfate polyacrylamide gel. The gel was stained with Coomassie Blue and Western blot was performed as described in Materials
and Methods. (a) Exposure was done simultaneously to a single piece of ®lm for direct comparison. This experiment was repeated twice and a similar
result was obtained. (b) The densitometry reading.
Figure 7. Human keratinocytes demonstrate downregulation of
p21 at high dose UV and maximum induction at 24 h after
intermediate UV irradiation. Protein induction was assessed in UV-
treated or control untreated human keratinocytes as described in the
legend to Fig 6. UV doses were chosen based on cell survival
experiments (data not shown).
Figure 8. p21 mRNA shows a biphasic upregulation pattern after
UV irradiation. Expression of p21 mRNA was assessed in UV-treated
or control untreated human keratinocytes. Cells were irradiated with 0,
100, 300, or 600 J per m2 UVB. RNA was prepared 4, 8, and 24 h after
UV irradiation and northern blotting was carried out as described in
Materials and Methods. Glyceraldehyde-3-phosphate dehydrogenase
expression was measured as a control. A representative result is shown
from three repetitions of the experiment.
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functions of p21Waf-1 and p53 may contribute to the mechanisms
that protect keratinocytes from UV-induced damage.
This study was supported by the Canadian Institutes for Health Research and the
Alberta Heritage Foundation for Medical Research.
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